Sensitive and reliable behavioral outcome measures are essential to the evaluation of potential therapeutic treatments in preclinical trials for many neurodegenerative diseases. In Parkinson's disease, sensorimotor tests sensitive to varying degrees of nigrostriatal dysfunction are fundamental for testing the efficacy of potential therapeutics. Reliable and quite elegant sensorimotor measures exist for rats, however many of these tests measure sensorimotor asymmetry within the rat and are not entirely suitable for the newer genetic mouse models of PD. We have put together a battery of sensorimotor tests inspired by the sensitive tests in rats and adapted for mice. The test battery highlighted in this study is chosen for a) its sensitivity in a wide variety of mouse models of PD, b) its ease in implementing into a study, and c) its low expense. These tests have proven useful in characterizing novel genetic mouse models of PD as well as in testing potential disease-modifying therapies.
Introduction
Parkinson's disease (PD) is a debilitating neurodegenerative disorder primarily characterized by the progressive loss of dopaminergic neurons in the substantia nigra and the development of Lewy body inclusions in central and peripheral systems. Patients suffer from sensorimotor impairments, including bradykinesia, tremor, rigidity, and postural instability that worsen over time. Although rare, familial forms of the disease discovered over the last 15 years have led to the identification of important novel targets for potential disease-modifying therapeutics. Mutations in genes encoding alpha-synuclein, parkin, DJ-1, LRRK2, and ATP13A2 among others mark the development of a new "generation" of animal models of PD, genetic mouse models.
Excellent non-drug-induced behavioral measures exist for the extensively studied unilateral 6-hydroxydopamine (6-OHDA) rat model of PD. These include tests for limb-use asymmetry, movement initiation, somatosensory neglect, reaching abilities, and more recently ultrasonic vocalizations [1] [2] [3] [4] [5] [6] . These tests are sensitive to varying degrees of nigrostriatal dopamine neuron loss and have been used extensively to evaluate the efficacy of various types of potential therapeutics [7] [8] [9] [10] [11] . However, with the genetic mouse models there is not a clear consensus on the best sensorimotor tests to use or how many to use. This is problematic when characterizing a novel genetic mouse model, in preclinical studies, and when trying to make comparisons between models. Over the past decade we have worked to put together a battery of sensorimotor tests for mice similar to what has been used successfully in rats. The tests described in this article have been used to help characterize numerous genetic mouse models of PD and are currently used in preclinical studies testing novel potential therapeutics 12 .
The most common tests used to assess motor function in mice are activity in the open field and the rotarod test of coordination 13 . Although both of these tests are automated, relatively easy to use and provide information on sensorimotor function, they often lack the sensitivity needed to detect subtle alterations in the nigrostriatal dopamine system. For example, parkin deficient mice with subtle alterations in dopamine function do not display impairments on the rotarod but do display motor impairments on a challenging beam test 14 . In addition, mice treated with moderate doses of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) do not show impairments on the rotarod but do have significant alterations in gait and impairments on an inverted grid test 15 
Challenging Beam Traversal Procedure
1. Invert 3 clean mouse cages on a tabletop or in a mouse cage-changing station. Line the cages up evenly so that they can support the length of the beam (1 meter). 2. Assemble the four sections of the beam from the widest to narrowest section and place on top of the inverted mouse cages. 3. Place the homecage of the mice that you plan to test on its side and at the end of the beam so that the narrowest end of the beam leads right into the homecage. 4. Pick up the first mouse by the base of its tail and support its hindlimbs with the palm of your hand. Place the mouse at the wide end of the beam and let go of its tail and remove your hand. 5. Let the mouse sniff and move around in order to become better oriented to the apparatus-if the mouse turns around gently redirect it to the desired direction. 6. Lift up the homecage (even if it has cagemates in it) keeping it in the same position on its side and bring it close to the test mouse. As the test mouse begins to try and enter the homecage move it back so that the mouse does not enter but makes a step forward. Continue to do this all the way down the beam. At the end allow the mouse to enter the homecage. Do the same procedure for each mouse in the cage. This is the first "assisted" trial. 7. The beam should be thoroughly cleaned between cages with a disinfectant provided by the animal care or veterinary staff. Within a cage it is important to clean off any urine or fecal pellets off the beam before the next mouse is run because this will distract the next mouse. 8. Once all of the mice in the cage have gone through one assisted trial then pick up the first mouse again and place it at the wide end of the beam. If needed, with your hand gently orient the mouse in the desired direction and lightly touch its backside to encourage it to move along the length of the beam into its homecage. If the mouse stops to sniff or walk off the beam correct the mouse with your hand or pick it up and place it on the same section where it walked off. Have your hand nearby to guide the mouse to the end of the beam. You want to try and minimize the mouse stopping and exploring while on the beam. The more this is done during training the less the mouse tends to do it during testing. 9. The trial ends when the mouse places one of its forelimbs into the homecage. The next mouse can then receive its 2 nd trial. Mice receive a total of 5 trials on the first training day, alternating between mice so that each mouse has an intertrial interval of ~30 sec or more. Typically by the last few trials mice will traverse the length of the beam, on their own, without need for correcting. 10. 24 hr later day 2 of training can begin. On day 2 the mice receive 5 more trials on the same beam set-up as in day 1. The mice should not need any assistance but may need to be corrected or touched on the backside to prevent stopping or exploring. 11. 24 hr later the actual test day can begin. For the test day, the beam is set up in a similar manner to the previous 2 training days. However, now a mesh grid that corresponds to each beam width is placed on top of each beam section. A videocamera is used to record all beam traversal trials and can be performed by one or multiple experimenters. 12. Label a card with the essential experiment information (date, mouse #, trial #, etc.). Place this card in front of the camera and record for 2-3 sec so that it is clear which mouse is being tested and what trial it is on. 13. The mouse is placed on top of the grid surface on the widest section of the beam and recorded as it moves along the beam. The recording should be close enough so that the entire length of the mouse's body is visible on the camera. If it is too far then slips are difficult to see and if it is too close then limb movements can be missed. The camera should be positioned so that the grid is in the middle of the viewer. 14. On the Test day all mice receive 5 trials on the grid-surfaced beam.
Analysis of Beam Video
1. Videos can be viewed directly from the camera or connected to a television or computer for a larger screen view. Videotapes should be scored by an experimenter blind to genotype and treatment condition within the experiment. 2. Errors for each trial are scored as the video is played in slow motion. Slips or errors are counted when the mouse is facing and moving forward. A slip through or outside of the grid is considered an error when the limb slips beyond 0.5 cm below the grid surface (halfway down). Any slips made after a mouse stops or orients its head to the side are not considered errors. If the mouse is not moving forward and a limb or limbs repeatedly slips through the grid it is NOT considered an error. On the narrow section of the beam the base of the hindlimbs can be on top of the grid and the toes hanging off the side, this is not considered an error. 3. Steps are also counted in slow motion. The hindlimb facing the camera is used to track the number of steps. Counting begins when the mouse makes its first step forward and ends when the mouse places its forelimb into the homecage. 4. Time to traverse is scored using a stopwatch and is done in real time. The timer is started when the mouse begins to move forward and ends when the first forepaw is placed in the homecage.
1. Invert 3 clean mouse cages on a tabletop or in a mouse cage-changing station. Arrange two cages next to each other ~18 cm apart so that the front of the cages are facing the experimenter. The remaining cage is placed behind the other two cages and will serve to support the mirror. 2. Place the piece of glass on top of the 2 cages and position it so the glass is being supported by the outer edge of the first 2 cages. 3. Place the cylinder on top of the glass and the mirror at an angle beneath the glass, leaning on the 3 rd cage in back. The angle can range anywhere from 30°-45° but more importantly the view from the mirror has to include the full diameter of the cylinder. 4. Set the videocamera up in front of the mirror and adjust both the mirror and videocamera until you can view the entire diameter of the bottom of the cylinder. 5. Set the timer for 3 min and label a card with the important experiment details (date, mouse#, etc.). Videorecord the label for 2-3 sec. 6. Place the mouse in the cylinder and press record and the timer. Record the mouse for three minutes. It is important that the testing area is quiet as loud noises and conversation can distract the mouse and potentially cause freezing behavior. 7. During the 3 min use a hand counter to count the number of rears the mouse makes while in the cylinder. A rear is defined as a vertical movement with both forelimbs off the floor so that the mouse is standing only on its hindlimbs. At the end of 3 min remove the mouse and place it back into its homecage. 8. Clean the cylinder and glass with a disinfectant provided by the animal care or veterinary staff. Allow the cleaning solution to dry before placing the next mouse in the cylinder.
Analysis of Spontaneous Activity
1. Videos can be viewed directly from the camera or connected to a television or computer for a larger screen view. The videotapes should be scored by an experimenter blind to genotype and treatment condition within the experiment. 2. Forelimb steps are counted as the video is played back in slow motion. A forelimb step is counted when an animal moves both forelimbs sequentially across the floor of the cylinder in one consecutive movement. A forelimb movement is not counted if the time between the movement of one forelimb and the other forelimb is longer than 5 sec. Hindlimb steps are counted in the same manner as forelimb steps. 3. Time spent grooming is measured using a stopwatch and playing back the video in real time. Grooming bouts on the snout, vibrissae, and body are measured.
Adhesive Removal
1. Place mouse in its homecage in the testing room or in a mouse cage-changing station. 2. Remove the feeder bin from the cage and replace the cage lid. Allow the mice/mouse to habituate to the testing room and the cage without the feeder for 1 hr. 3. For testing use a clean cage to place cagemates so the test mouse is the only one in the homecage. Remove ~3/4 of the bedding and place it in the clean cage with the cagemates. 4. In the homecage scruff the test mouse in order to restrain it and using a pair of small forceps place one adhesive label onto the snout of the mouse. Gently press the label on the snout with the forcep and release the mouse. Place the lid on the cage and start a stopwatch. When the mouse makes an attempt to remove the label with its forepaws record the time. If the mouse makes contact but does not remove the label then keep the timer going until it does remove it and record that time as well (contact and removal time). 5. If the mouse does not contact or remove the sticker within 60 sec then the trial is ended and the sticker is removed manually by the experimenter. 6. Place the test mouse in the clean cage and remove the next mouse and place it in the homecage and begin testing. All mice receive 3 trials.
It is important to alternate between mice rather than doing all three trials in a mouse at one time. Trials where the label falls off or is not secure on the snout are not counted.
Representative Results
The challenging beam, spontaneous activity in the cylinder, and adhesive removal tests are all highly useful assays of sensorimotor function in mice. We have found alterations in sensorimotor function using these tests in multiple genetic and toxin mouse models of Parkinson's disease including parkin knockout, parkin Q311X, Pitx3-aphakia, alpha-synuclein overexpressing, and unilateral 6-hydroxydopamine mice 14, [16] [17] [18] [19] . Here we show data collected from mice overexpressing human wildtype alpha-synuclein under the Thy1 promoter (Thy1-aSyn) and Pitx3-aphakia mice 18, 20 . On the challenging beam we reliably detect increased errors per step in Thy1-aSyn compared to wildtype mice (Figure 1) . In the same line of mice we also repeatedly detect a robust decrease in hindlimb stepping in the cylinder (Figure 2) 12, 16, 21 . In the adhesive removal test Pitx3-aphakia mice with a profound decrease in nigrostriatal dopamine neurons show significantly increased time to contact compared to wildtype controls (Figure 3) . 
Discussion
In the present study we show how to perform and analyze three useful tests of sensorimotor function in mice. These include the challenging beam, spontaneous activity in the cylinder, and response to sensory stimuli (adhesive removal). These tests were chosen for the following reasons 1) we and others have found them to be highly sensitive to varying degrees of nigrostriatal dopaminergic dysfunction in genetic mouse models 14, [16] [17] [18] , 2) only a short amount of training is required for the beam and handling for the response to sensory stimuli tests and once trained the assays can be performed in one test session, and 3) the price of the equipment needed to perform the tests is quite low compared to purchasing more automated equipment such as the rotarod and open field chambers.
The challenging beam test is not only useful at detecting motor performance and coordination deficits in genetic mouse models of PD but is also useful in uncovering impairments in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated and 6-hydroxydopamine-treated mice and norepinephrine deficient mice 19, [23] [24] [25] . In addition, we find the challenging beam to be less influenced by body weight compared to other tests of motor performance and coordination (rotarod and pole test). This is particularly beneficial when working with aged male mice that can weigh up to 50+ grams. Similar to the beam, alterations in spontaneous activity are reliably observed in parkin knockout, PQ311X, Thy1-aSyn, Pitx3-aphakia, and LRRK2 mice 14, [16] [17] [18] 26 . The adhesive removal test is also sensitive to genetic manipulation including parkin knockout, parkin Q311X, Thy1-aSyn, and DJ-1 knockout mutations in mice 14, 16, 17, 22 . In the unilateral 6-hydroxydopamine-treated mouse the adhesive removal test is performed in a manner similar to how it is typically done with rats 1, 2 . The adhesive label is placed on each forepaw using a forcep and the time to remove the label is recorded. We found that 6-hyrdoxydopamine-treated mice will remove the label from the unaffected limb prior to removing the label on the affected limb 19 . This test battery is easy to implement in aging studies using chronic treatments but it is also easy to use in pharmacological studies. Once animals are trained and ready for testing a test station for each assay can be set up. The animals are then run in the same order on each test. The drug of interest can be administered and once the desired drug peak concentration is reached each mouse can be tested on the beam and then moved to the cylinder for three minutes and then to the adhesive removal test. We found this strategy to work well when testing different dopamine agonists in mice 18, 21 . Both the beam and adhesive removal tests are amenable to repeated testing, however spontaneous activity in the cylinder is affected by repeated testing resulting in reduced activity over time 16 . Depending on how robust the deficit is in the mouse you may still be able to detect differences with repeated testing in the cylinder 16 . In general, habituation and reduced activity is observed as soon as the 2nd exposure to the cylinder however, we find that we can get sufficient activity levels when we run the spontaneous activity test immediately following beam traversal in pharmacological studies 18, 21 . The number of spontaneous activity testing sessions to include in a study will be dependent on mouse strain (some are definitely more active than others) and treatment duration. In our pharmacological studies in mice on a mixed C57BL/6 X DBA background we measured activity between 2-4 times and the testing sessions were separated by one week 21 .
The beam and cylinder tests do require post-testing analysis of videorecorded behaviors. For this aspect of the analysis it is particularly important to have raters that are blind to the experimental conditions. When we train new raters in the laboratory we have the person score behavior on videotapes previously analyzed by an expert rater from the lab. The criteria are explained and shown to the new rater and then the person begins to score the previously analyzed tapes on their own. The scores are then compared to the expert' ratings. The person is not allowed to rate new data until they are within 95-98% accuracy of the expert. All data is then randomly spot-checked for accuracy by an expert rater.
The battery of tests described in this study is designed to assess sensorimotor function in mice. However, whenever characterizing a novel mouse model of disease it is always important to do a basic examination of the animal as well. Body weight and temperature should be monitored throughout testing and any abnormal behaviors should be noted, like the removal of vibrissae or clasping of the hindlimbs when picked up by the tail. Basic neurological assessments are described elsewhere in detail [27] [28] [29] .
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